The primary cause of the degenerative process underlying PD remains unknown. No single causative factor has yet been identified for the sporadic form of the disease, which represents the vast majority of PD cases. Indeed, due to the multi-factorial nature of the disease, the process leading to nigral cell death is likely to originate from the reciprocal interactions of a restricted number of potentially contributing mechanisms ( Figure 1 ) including mitochondrial defects, enhanced formation of reactive oxygen species leading to oxidative damage and aberrant protein aggregation. 9 The latter may be linked to reduced efficiency of the ubiquitin-proteasome system, an intracellular mechanism specifically devoted to the degradation of altered proteins, whose involvement in PD pathogenesis has been repeatedly suggested. 10 The combined actions of these phenomena may disrupt the physiological dynamics of apoptosis within the SNc, thus triggering uncontrolled neuronal death. An additional contribution may originate from the neuroinflammatory response, mostly sustained by microglial activation, which accompanies and, to a certain extent, promotes the progressive damage of the nigrostriatal pathway. 11, 12 Defective regulation of apoptosis may, indeed, play a central role in the process of nigral cell loss. 13 As opposed to necrosis, apoptosis is an active process triggered by the activation of specific cellular mechanisms and evolving through a series of defined steps.
14 Apoptosis can be triggered by numerous factors, some of which have been implicated in PD pathogenesis, such as impaired activity of mitochondrial enzyme complex I, 15 excessive stimulation of glutamate receptors 16 or proteasomal impairment. 17, 18 Signs of apoptotic cell death, 19, 20 increased levels of apoptosis effectors caspase-3 and caspase-8 and of pro-apoptotic protein Bax, [21] [22] [23] [24] along with up-regulation of anti-apoptotic protein Bcl-2, 25, 26 have been detected in the SNc of PD patients. Pro-apoptotic changes, along with reduced proteasomal activity, have also been reported in peripheral cells of PD patients. [27] [28] [29] The role of apoptosis in PD pathogenesis is further supported by the fact that two toxins routinely used to replicate PD features in animals, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA), cause nigral degeneration by triggering the apoptotic cascade. 30 then released, stimulating post-synaptic dopamine receptors and mediating the anti-parkinsonian effects of L-DOPA. To avoid peripheral catabolism of L-DOPA, which would reduce drug's efficacy, peripheral decarboxylase inhibitors, such as carbidopa or benserazide, are associated in the same formulation with L-DOPA. 32, 33 Unfortunately, long-term treatment with L-DOPA is associated with the occurrence of numerous complications, extremely bothersome for the patient, such as "on-off" fluctuations, freezing episodes, lack of responsiveness ("wearing off") and abnormal, uncontrollable movements known as dyskinesias. 34 This is a phenomenon of considerable proportion, particularly when high dosages of L-DOPA are used. In fact, if L-DOPA-induced dyskinesia (LID) develops in approximately 50% of the PD patients treated with low doses of the drug, the percentage approaches 90% when patients are treated with maximally tolerated doses. 35, 36 Moreover, frequency and severity of LID increase as the disease and duration of the pharmacological treatment proceed.
LID represents the main drawback of L-DOPA treatment and the search for alternative therapeutic tools is currently a major challenge for the researchers in the PD field. This has led, for example, to the development of a surgical approach to PD treatment based on electrical stimulation, at high frequency, of the subthalamic nucleus (deep brain stimulation or DBS); 37 subthalamic nucleus is the only excitatory (glutamatergic) nucleus of the basal ganglia circuitry and becomes pathologically overactive in PD patients. 5 The procedure has represented a major breakthrough in the PD research of the past two decades and is now established as a main therapeutic option for the disease, at least in selected groups of PD patients. Thanks to the beneficial effects of DBS on PD symptoms, operated patients can considerably reduce their daily intake of L-DOPA, thereby limiting the prodyskinetic effects of the drug. Description of the procedure goes beyond the scope of this paper; for a comprehensive an updated overview, see the recent review published by the group of Benabid.
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Another major limitation of L-DOPA is that the drug counteracts PD motor symptoms -at least for a certain period of time -without affecting progression of the disease, which continues to evolve synchronous with the degeneration of residual nigrostriatal neurons. This latter consideration has prompted extensive investigation, both at the pre-clinical and clinical level, to identify new therapeutic strategies capable of modifying PD course by exerting neuroprotective effects. This is, currently, the major goal for PD research.
Neuroprotection, neurorestoration, or neuroregeneration?
Various, mechanistic definitions have been proposed to describe the ability of a hypothetical therapeutic intervention to prevent, block or reverse the neurodegenerative process underlying PD. The general term "neuroprotection", for example, has been related to the capacity of interfering with the ongoing process of neuronal cell death, in order to slow or halt disease progression, while the concept of "neurorescue" would imply recovering dying neurones by reversing established metabolic abnormalities; a third term, "neurorestoration" would apply to any technique aimed at increasing the number of surviving dopaminergic neurones. 39, 40 More recently, the more comprehensive term diseasemodifying has become quite popular, probably because it gives a better idea of what a new drug should do: modifying, that is, slowing, stopping or reversing the natural course of the disease, regardless of the underlying mechanism.
Neuroprotective potential of drugs already in use for PD treatment
Various studies conducted in the last 10 to 15 years have addressed this point, with controversial results, particularly for the dopaminergic agents. This part of the review will discuss the main findings obtained by experimental and clinical studies conducted to investigate whether L-DOPA, dopamine agonists and monoamine oxidase (MAO) inhibitors are capable of modifying PD progression.
L-DOPA
L-DOPA has been repeatedly "accused" of being cytotoxic; potential neurotoxicity of L-DOPA has, in fact, fueled a wide debate in the late 1990s, supported by numerous experimental studies.
Experimental data Various studies, mostly conducted in vitro, have proposed that L-DOPA can cause cell death, due to its pro-oxidant properties. [41] [42] [43] However, there is little experimental evidence supporting L-DOPA neurotoxicity in vivo; in fact, other studies have proposed that L-DOPA toxicity takes place only at extremely high concentrations, virtually impossible to reach in the patient, while -on the contrary -low concentrations of the drug may exert neuroprotective effects. [44] [45] [46] [47] There is evidence, for example, that dopamine receptors are linked to trophic receptors, so that that dopamine derived from L-DOPA may activate the PI-3 kinase/ Akt antiapoptotic pathway, 48 50 Inhibition of GSK-3 blocks cytotoxicity associated with high L-DOPA concentrations.
Clinical data To establish whether treatment with L-DOPA can influence disease progression, particularly when started in the early phase of PD, a multicenter, double-blind, randomized, controlled clinical trial (ELLDOPA) was conducted at 38 sites in the United States and Canada. 51, 52 Three hundred and sixty-one patients with early PD (2 years' duration, not requiring symptomatic therapy) were enrolled and randomly assigned to treatment with L-DOPA (150, 300 or 600 mg/day) or placebo. Treatment was maintained for 40 weeks, then suspended for 2 weeks, with the final assessment of PD severity being made at week 42. In a subgroup of 142 subjects, imaging of striatal (123)iodine 2-beta-carboxymethoxy-3-beta-(4-iodophe nyl)tropane (beta-CIT) uptake at baseline and at week 40 was also conducted, to have a functional measure of the loss of dopaminergic terminals associated with PD. Results of the study were controversial: treated patients showed better scores at the Unified Parkinson's Disease Rating Scale (UPDRS) than those in the placebo group, at the end of the study, notwithstanding the two-week discontinuation of L-DOPA. This led the authors to propose that L-DOPA does not hasten -or may even slow -the progression of PD, although it is possible that long duration effects of the drug are not completely eliminated after 2 weeks of washout. If this was the case, the effect would be merely related to the symptomatic efficacy of L-DOPA. At odd with the clinical findings, the beta-CIT study showed that L-DOPA, particularly at the highest dose (600 mg/day), was associated with a faster rate of decline in this marker of nigrostriatal function, compared to placebo. This would support the view that L-DOPA might indeed be toxic to nigrostriatal neurons; however, it is also possible that the drug may interfere with the expression of the dopamine transporter, at the striatal level. 53 The issue of the long-term effects of L-DOPA on PD remains, therefore, controversial. However, the concern about the potential neurotoxicity of the compound, at least in the clinical setting, has been considerably reduced, if not completely overcome.
Dopamine agonists
Dopamine agonists are widely used in the treatment PD patients, particularly in the early phases of the disease. Compared to L-DOPA, which produces discontinuous stimulation of dopamine receptors due to its pulsatile pharmacokinetic profile, dopamine agonists have a much longer plasma half-life; this results in a more continuous dopaminergic stimulus, thereby reducing the risk of motor complications. Dopamine agonists have been, therefore, proposed as a first-line treatment for PD. 54 Experimental data The view that dopamine agonists should be used since the earlier phase of PD has been influenced by the hypothesis that this class of drugs may exert neuroprotective effects. Considerable experimental evidence has been produced, supporting this view and proposing multiple mechanisms by which dopamine agonists might protect neuronal cells against various types of cytotoxic stimuli. Some of these mechanisms are mediated by the stimulation of dopamine receptors, while others appear to be independent of receptor stimulation.
A major mechanism that has been considered, particularly in the earlier studies, is the antioxidant efficacy of this class of drugs, which seems to depend on their hydroxylated benzyl ring structure, which gives them the ability to scavenge reactive oxygen species. This has been shown in numerous studies conducted in animal models, where dopamine agonists proved able to counteract the neuronal damage caused by powerful pro-oxidant neurotoxins, such as MPP+, 6-OHDA, nitric oxide or malonate. [55] [56] [57] [58] [59] [60] Dopamine agonists have also shown anti-apoptotic properties; in vitro findings, for example, showed that pramipexole reduces cell death by counteracting the mitochondrial phase of apoptosis in dopaminergic cells exposed to MPP+ or rotenone; 61, 62 the same drug has shown protective effects in the MPTP primate model of PD 63 and, more recently, against the nigral degeneration induced by local administration of lypopolysaccharide. 64 Other mechanisms have been recently identified, which may explain the neuroprotection granted, at least in experimental models, by this class of compounds. For example, it has been suggested that dopamine agonists may interact with selected, regulatory kinases, such as Akt and GSK-3, which play a crucial role in various cellular mechanisms, including inflammation and cell death. 65 It has also been suggested that dopamine agonists, this time by acting on D3 receptors, 
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may have growth factor-like properties by inducing upregulation of brain derived neurotrophic factor (BDNF) and glial cell-derived neurotrophic factor (GDNF). 66 Clinical data The neuroprotective potential of dopamine agonists has been tested in clinical trials, using neuroimaging techniques to investigate whether treatment with these compounds is able to counteract the degeneration of nigrostriatal terminals. In the REAL-PET study, ropinirole was compared with L-DOPA using PET imaging to study the striatal uptake of fluorodopa;
67 the study demonstrated a 34% reduction in the progression of the signal loss, over 2 years, in patients treated with ropinirole compared with those on L-DOPA. Analogously, the CALM-PD-CIT study compared pramipexole to levodopa using beta-CIT SPECT beta-CIT to follow the rate of loss of dopamine transporter, at the striatal level, over a 4-year period; 68 at all the established time points, the pramipexole group showed a significant reduction in the rate of transporter loss, with an average difference, compared to the L-DOPA group, of 36%. Therefore, both studies demonstrated that prolonged treatment with dopamine agonists is associated with a slower decline of imaging biomarkers of nigrostriatal function; these results seemed to support the protective effects of dopamine agonists or, as an alternative, the toxicity of L-DOPA to dopaminergic neurons. However, it has also been suggested that dopamine agonists and L-DOPA may have different pharmacological effects on either fluorodopa uptake or expression of the dopamine transporter, thereby making the interpretation of these results more complex. 53 Moreover, a recent paper by the Parkinson Study Group has shown that, 6 years later, patients of the CALM-PD-CIT study treated with initial pramipexole or initial levodopa show similar levels of self-reported disability. 69 These findings led the authors to conclude that, in the long-term, "there is no strong evidence favoring either of these initial treatment strategies over the other". This also points out the difficulty to confirm neuroprotection in clinical trials. The adoption of a novel trial design like the "delayed-start", repeatedly used to test the disease-modifying effects of rasagiline (see below), may be useful to re-evaluate the neuroprotective potential of dopamine agonists or, more in general, of drugs previously thought to provide neuroprotection in PD.
MAO-B inhibitors
Inhibitors of monoamine oxidase (MAO) B have attracted the interest of neuroscientists in recent years, mostly because of the potential role this enzyme would play in the mechanisms that sustain the nigrostriatal damage in PD (see below). Two MAO-B inhibitors are currently used in PD, particularly in the early phase of the disease because of their putative neuroprotective effects: selegiline and, more recently, rasagiline.
MAO, which is present in two forms (MAO-A and MAO-B), is mainly responsible for the oxidative deamination of monoaminergic neurotransmitters, including noradrenaline, serotonin and dopamine. As such, the enzyme plays a central role in neurotransmission within the central nervous system. Noradrenaline and serotonin are preferentially metabolized by MAO-A, while dopamine is a substrate for both forms. 70 MAO-B is the predominant form in the brain and is relatively abundant within the human basal ganglia nuclei. 71 In the 1970s, the theoretical possibility of potentiating dopaminergic transmission by inhibiting dopamine metabolism raised great interest in the use of MAO inhibitors, originally developed to treat depression, for PD therapy. However, the use of non-selective agents was associated with the risk of hypertensive crisis caused by the peripheral inhibition of MAO-A and the subsequent potentiation of cardiovascular tyramine effects with the ingestion of high tyramine-containing foods, such as aged cheese and red wine. To avoid this harmful reaction, selective inhibitors of MAO-B were developed; this led to the synthesis of selegiline, a propargyl-derived compound, structurally related to pargyline and clorgyline, but provided with the ability to block, selectively and irreversibly, the activity of MAO-B.
Selegiline
The availability of such an agent prompted various studies on the symptomatic efficacy of this pharmacological approach to PD therapy. At the same time, it became clear that, at least theoretically, MAO-B inhibition could also have neuroprotective effects. The SNc is exposed to higher levels of oxidative stress relative to other areas of the brain, for reasons that include auto-oxidation of melanin, presence of high levels of iron, and, more importantly for PD, oxidative catabolism of dopamine by MAO-B. These factors contribute to a high rate of reactive oxygen species formation, which is likely enhanced in PD patients. 72 Experimental data The role of MAO-B in PD pathogenesis was further suggested when the mechanism underlying neurotoxicity of MPTP (1-methyl-4-phenyl-1, 2,3,6-tetrahydropiridine) was clarified. It was demonstrated that MPTP, which can induce a PD-like syndrome in humans and primates is, in fact, a pro-toxin that requires oxidative deamination by MAO-B to transform into the active toxin 1-methyl-4-phenylpyridinium (MPP+). 73 It was, therefore, suggested MAO-B inhibition may protect nigral neurons from exogenous agents requiring this enzymatic step to fully express their neurotoxicity. Various in vitro and in vivo studies have supported this hypothesis, showing that selegiline can be neuroprotective against MPTP and MPP+, by reducing the rate of free radical formation and prompting the activation of anti-apoptotic mechanisms. [74] [75] [76] [77] Clinical data The possibility that blocking MAO-B activity may modify PD progression, in patients, was verified in the DATATOP study, in which efficacy of selegiline and vitamin E supplementation were tested, 78, 79 as well as in subsequent studies. 80 Unlike vitamin E, selegiline was shown to delay, significantly, the need for L-DOPA in untreated PD patients, with respect to placebo. However, it was not possible to determine whether the positive results observed in the selegiline group were due to a protective effect of the drug against the ongoing neurodegeneration, or to the potentiating effects on dopaminergic transmission, which would account for the mild symptomatic effects of the drug. In fact, selegiline slowed developing disability by ameliorating the motor impairment, as measured at the UPDRS, in the early phases of treatment in otherwise untreated PD patients; the advantage over placebo, however, tended to fade with time or after wash-out, further supporting a prevalent symptomatic effect of the compound. 81 The notion, acquired later, that selegiline is metabolized into L-methamphetamine 82 led various authors to suggest that transformation into such a neurotoxic molecule may, indeed, reduce the neuroprotective potential of selegiline. [83] [84] [85] In a subsequent study designed to resolve these issues, the SINDEPAR study, patients with untreated PD were randomized to selegiline or placebo; rate of change in UPDRS scores between baseline evaluation and a final evaluation performed 2 months after treatment withdrawal was the endpoint of the study. Also in this case, although patients treated with selegiline showed a less steep decline in the UPDRS score, it remained unclear whether this was due to a protective effect or to a long-duration symptomatic effect of selegiline. 86 rasagiline Rasagiline [R(+)-N-propargyl-1-aminoindan] is structurally related to selegiline, but considerably more potent and, unlike selegiline, is not metabolized to amphetamine and/or methamphetamine. 87, 88 Experimental studies Numerous in vitro and in vivo studies have shown that rasagiline possesses neuroprotective properties. In vitro, the drug counteracts the pro-apoptotic effects of various toxins, such as N-methyl(R)salsolinol, 6-OHDA and peroxynitrite. 89, 90 Rasagiline also increased survival in models based on alternative cytotoxic insults, such as oxygen and glucose deprivation in differentiated PC12 cells. 91 Subsequent studies have shown that rasagiline can prevent cell death by interfering with various steps of the apoptotic cascade, including activation of caspase 3 and poly (ADP-ribose) polymerase-1 (PARP-1), translocation of glyceraldehyde-3-phosphate dehydrogenase (GADPH) and nucleosomal DNA fragmentation; the drug is also able to induce the expression of anti-apoptotic proteins Bcl-2 and Bcl-xL, while down-regulating pro-apoptotic Bad and Bax proteins. [92] [93] [94] The mitochondrial phase of apoptosis, in particular, seems to be a specific target for the pro-survival effect of rasagiline. In neuroblastoma cells, rasagiline prevents the swelling of mitochondria and loss of mitochondrial membrane potential elicited by pro-apoptotic toxin N -methyl-R-salsolinol. 95, 96 Rasagiline is also able to activate protein kinase C (PKC), 97 which exerts a protective effect on neuronal cells, 98, 99 as well as to increase the expression of GDNF through the activation of nuclear transcription factor NF-kB. 100 These effects are unrelated to the inhibitory effect of rasagiline on MAO-B, as similar neuroprotective effects have been obtained with the S-isomer of rasagiline (TVP 1022), which is 1000 times less active, as a MAO inhibitor, than rasagiline. 101 Neuroprotection by rasagiline has been demonstrated also in animal models of PD, in which the drug proved able to counteract nigrostriatal damage caused by administration of specific toxins, such as MPTP or 6-OHDA. 102, 103 Clinical data In recent years, considerable evidence has accumulated on the efficacy of rasagiline in the treatment of PD, either as monotherapy or adjunct therapy to L-DOPA. 104, 105 In 2002, the Parkinson Study Group published the results of a 26-week, placebo-controlled investigation of rasagiline treatment in patients with early PD. 106 The study -termed TEMPO -was a double-blind, placebo-controlled, clinical trial that included over 400 subjects. Results showed that, compared to placebo (in which UPDRS scores deteriorated), UPDRS scores of patients taking rasagiline tended to stabilize. The idea that rasagiline may, indeed, modify the progression of the disease was suggested by the second part of the TEMPO study, which was designed to assess whether earlier initiation of rasagiline treatment resulted in better clinical response than delayed initiation. 107 A "delayed-start" design was used, which 
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was developed, as an alternative to the trial designs previously used, to avoid misinterpretation of the results due to the symptomatic effects of the compound being tested. According to this innovative trial design, subjects were randomized to receive rasagiline for 12 months or placebo for the first 6 months, followed by rasagiline for the remaining 6 months. The results showed that the beneficial effect of rasagiline was more pronounced in patients treated with the drug from the start, as opposed to those initially treated with placebo. This finding, which cannot be entirely explained by symptomatic activity of rasagiline, suggested that rasagiline may, indeed, have a "disease-modifying" effect. Interestingly, a subsequent study designed to analyze the long-term follow-up of these patients showed that the advantage gained by those treated with rasagiline from the beginning, in terms of slower disease progression, was maintained for up to 5.5 years from the end of the TEMPO trial. 108 More recently, another multicenter, double-blind, placebo-controlled, study (ADAGIO) has been conducted in almost 1,200 early untreated PD patients, to further substantiate the disease-modifying properties of rasagiline. The delayed-start design was used also in this case, but with a longer study duration (18 months) compared to TEMPO. Patients were randomized to receive rasagiline (1 or 2 mg per day) or placebo for 9 months, after which, all patients were treated with rasagiline (1 or 2 mg per day) for other 9 months. 109 The main objective of the study was to detect significant divergence in the slopes of the change in UPDRS scores between patients treated with rasagiline from the start and patients who delayed the treatment. Preliminary results of the ADAGIO study 110 suggest that PD tends to progress more slowly in patients treated with rasagiline 1 mg per day; the degree of benefit -in terms of changes at the UPDRS score -is mild, although statistically significant: mean UPDRS change, from baseline to the end of the study, is reduced by 1.7 units in patients treated with rasagiline from the start, with respect to those treated with placebo for the first 9 months. The same beneficial effect is not seen with rasagiline 2 mg per day. The reason of this difference between the two dosages is currently unclear.
New perspectives: from neuronal transplantation to trophic factors and stem cells as potential tools for neurorestoration
The pioneering experiences of almost 20 years ago, with the transplantation of fetal mesencephalic cells into the brain of PD patients, 111, 112 prompted the idea that the damaged brain might be repaired. This led to numerous studies investigating, more in detail, the effects of transplanting immature dopaminergic neurons -of embryonic or fetal origin -into PD brains, with controversial results (see below).
The concept of neurorestoration has subsequently evolved, thanks to the new knowledge generated, leading to the view that the process of brain repairing may be triggered, substantially, via two different strategies, which may also be combined: a) promoting neuronal restoration via neurotrophic factors; b) replacing lost neurons with stem cells able to differentiate into dopaminergic neurons.
Trophic factors
The progressive nature of the loss of dopaminergic neurons that characterizes PD may favor strategies aimed at protecting neurons from cell death and promoting both growth and regeneration. This observation has prompted numerous experimental studies, with the objective of investigating the neuroprotective potential of various neurotrophic factors in animal models of PD.
Experimental data Initial studies tested the effect of the direct, intra-cerebral infusion of numerous factors, including epidermal growth factor, basic fibroblast growth factor, BDNF, neurturin (NTN), and GDNF, [113] [114] [115] [116] [117] [118] [119] [120] [121] which showed variable degrees of neuroprotection. GDNF repeatedly proved the most potent and consistent agent in counteracting the effects of the neurotoxins used to reproduce PD-like pathology. [122] [123] [124] Indeed, GDNF is crucial for the correct development and functionality of the nigrostriatal pathway and seems to play a central role in the resistance of neuronal cells to neurotoxic insults. [125] [126] [127] SNc neurons contain relatively low levels of GDNF compared to neurons of the adjacent ventral tegmental area, which -as a result -are far more resistant than SNc neurons to the neurotoxins used to replicate PD pathological features in animals. 128 Further studies have used alternative strategies to grant continuous delivery of exogenous GDNF to the injured brain. For example, microspheres made of biocompatible, poly-lactic-co-glycolic acid polymer have been used; [129] [130] [131] upon degradation, these microspheres release GDNF at the site of implantation in a controlled fashion that can last for several months. Using this technique, Gouhier et al 132 have shown that GDNF-releasing microspheres, implanted simultaneously with an intrastriatal injection of 6-OHDA, protect dopaminergic neurons for up to 6 weeks. Analogously, it has been shown that implantation of 
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GDNF-releasing spheres into the striatum of 6-OHDA lesioned rats promotes sprouting of dopaminergic fibers 133 and long-term amelioration of motor dysfunction. 134, 135 Another method to deliver GDNF across the blood-brain barrier was described by Dietz et al 136 who generated a fusion protein between the HIV-1-Tat-derived cell-penetrating peptide and GDNF. The authors tested the construct in MPTP-treated mice, showing that the Tat-GDNF fusion protein reached the dopaminergic neurons; however, no neuroprotective effects were observed.
The need to have a continuous supply of GDNF have led to the use of genetic engineering techniques, based on the adoption of viral vectors carrying the GDNF gene, which can induce local GDNF expression in the targeted tissue. Various viral vectors, including adenovirus, adeno-associated virus (AAV) and lentivirus have been tested in animal models of PD. 137 With the earlier generations of vectors, prolonged GDNF expression was associated with inflammatory reactions, due to the immunogenicity of the vectors, which implied limited safety and efficiency of the procedure. These problems have been overcome with the newest generations of recombinant viral vectors (AAV, in particular); these vectors currently represent the most efficient and reliable means to obtain a long-term gene expression following GDNF-transduction.
Using recombinant vectors carrying the GDNF gene, various groups have shown neuroprotection of nigrostriatal neurons against PD-inducing neurotoxins and motor recovery in lesioned animals [138] [139] [140] [141] [142] following intrastriatal administration. In general, the procedure tends to be more effective when applied before the toxic insult is delivered; however, beneficial effects -including increased survival of SNc neurons and increased levels of striatal dopamine -have also been described when the GDNF gene-carrying vector is infused after the nigrostriatal lesion is established. [143] [144] [145] Promising results have also been obtained with NTN, a member of the GDNF family; in a very recent paper, Herzog et al 146 evaluated the long-term expression, bioactivity, and safety/tolerability of CERE-120, an adeno-associated virus type 2 vector encoding human NTN, in rhesus macaques. CERE-120 was delivered via bilateral, stereotaxic injection into the striatum and animals were monitored for 1 year. Long-term expression of NTN in the striatal tissue was coupled with increased immunolabeling for dopaminergic marker tyrosine hydroxylase (TH), in the striatum, and hypertrophy of dopaminergic cells in the SNc, without signs of neurological or systemic toxicity.
Other transgenic techniques devised to deliver exogenous GDNF to the brain have included the use of cells -such as bone marrow or neural stems cells or astrocytes -engineered to produce GDNF. These cells has proven effective in animal PD models when infused intravenously, 147 or implanted into the striatum 148 or into the SNc 149, 150 prior to the induction of the nigrostriatal lesion. In a variant of this approach, GDNF-releasing transgenic cells have been administered to lesioned animals after having been incorporated in microcapsules of biocompatible material; microcapsules were designed to allow inward diffusion of nutrients while allowing outward secretion of the trophic factors, thereby protecting the secreting cells from the host immune system and reducing the risk of rejection. Also in this case, positive results have been obtained in experimental PD models. 151 Clinical data The positive results obtained in experimental studies have prompted the execution of clinical trials, to verify whether experimental findings could be translated into a concrete advantage for the PD patients. The results obtained so far have been controversial. In an initial study by Nutt et al, 152 GDNF was injected into the lateral ventricle using a mechanical pump; no significant amelioration of PD symptoms was observed, while adverse GDNF-related effects, mostly represented by sensory symptoms (primarily paresthesias), were present. This led the authors to the conclusion that, although biologically active (as demonstrated by the adverse effects), GDNF may have not been effective because the site of injection was too distant from the striatum or SNc. On the contrary, positive results were obtained in two subsequent openlabel trials, in which GDNF was infused directly into the putamen. According to these findings, an improvement of PD symptoms could be obtained after either bilateral 153 or unilateral, 154 intra-putaminal infusion. At odd with these encouraging results, however, a double-blind, placebocontrolled study conducted by Lang et al 155 failed to confirm the beneficial effects of the intrastriatal infusion of GDNF. It was also shown that PD patients were generating antibodies against GDNF, thereby making the issue of GDNF clinical trials extremely controversial.
A phase I, open-label clinical trial was conducted to assess the safety, tolerability, and potential efficacy of intraputaminal delivery of CERE-120 (NTN) in PD patients. 156 The procedure proved safe, with no adverse events after 1 year, and well tolerated by patients. Significant improvements were seen in some, but not all, the clinical parameters measuring PD-related disability, such as the off-medication 
motor subscore of the UPDRS or the time spent in "on" condition without dyskinesia. No changes were observed in striatal 18 F-levodopa-uptake after treatment. These results, as the authors of this study point out, should be considered as preliminary until data from controlled clinical trials will be available. A phase II, double-blind, multicenter, controlled study on CERE-120 is, in fact, ongoing (NCT00400634; source: ClinicalTrial.Gov). The results of this study will clarify the actual efficacy of this therapeutic approach.
From neuronal transplantation to stem cells
The pioneering experiences with neural tissue transplantation of the late 1980s have generated further studies investigating, more in detail, the effects of transplanting immature dopaminergic neurons in animal models of PD and in PD patients.
Animal studies
Mostly conducted in rodents, these show varying degrees of beneficial effects of the neuronal implants on the motor symptoms generated by the experimentally-induced nigrostriatal lesion. A detailed description of these experiences can be found elsewhere. 137, 157, 158 
Clinical data
Various clinical trials have been conducted in PD patients, with controversial results. In early open-label trials, PD patients were transplanted into the caudate-putamen with either embryonic or fetal mesencephalic cells containing dopaminergic neurons. [158] [159] [160] [161] The procedure induced, in general, moderate amelioration of bradykinesia and rigidity, with minor effects on tremor; 159, 161, 162 better response to L-DOPA was also reported, which allowed reduction of the daily drug intake. 160 These encouraging results, however, were not confirmed by two NIH-sponsored, double-blind, placebo-controlled trials. 163, 164 In the work of Freed et al, 163 patients were randomized to receive an intra-putaminal transplant of human embryonic dopamine neurons or sham surgery; they were followed in a double-blind manner for one year, post-surgery, the primary outcome being a subjective rating of the change in the severity of disease. No differences were found, between grafted and shamoperated patients, although PET examinations showed that fluorodopa uptake was increased in graft recipients. The only positive observation of the study was that younger patients tended to respond better to the grafting, compared to older patients. In the study conducted by the group of Olanow, 164 patients were randomized to receive intraputaminal grafting of fetal nigral cells or sham surgery and were followed for 2 years; in this case, the primary end point was change of the motor UPDRS score between baseline and final visits. Again, no significant effects of the grafting procedure were observed, while striatal fluorodopa uptake was increased after transplantation; robust survival of dopamine neurons was observed in four patients who died of causes unrelated to the surgery. An additional problem related to the grafting procedure, which had already emerged in the study of Defer et al, 159 was the occurrence of dyskinesia in transplanted patients. As confirmed by the these two large trials, 163, 164 as well as by the study of Hagell and collaborators, 165 it became apparent that a considerable percentage (varying between 15 and 56%) of PD patients develop dyskinetic movements, following transplantation, which persist after L-DOPA withdrawal. This discovery, coupled with the doubts raised on the actual symptomatic efficacy of the procedure, drastically reduced the interest of the scientific community in clinical grafting trials for PD.
Intense debate of this issue has been further stirred by recent reports on the post-mortem investigation of patients transplanted, more than a decade before, with fetal mesencephalic tissue. 166, 167 The reports showed the presence, in the transplanted tissue, of alpha-synuclein-positive LBs, suggesting that PD pathology might propagate from host to graft. The mechanisms underlying this propagation are unknown and currently under investigation; a first clue has been provided, very recently, by Desplats et al, 168 who showed that alpha-synuclein can be "transmitted", via endocytosis, to neighboring neurons and neuronal precursor cells -both in vitro and in vivo -thereby producing LB-like inclusions.
Stem cells
As a consequence of the doubts raised on fetal tissue transplantation, researchers of the PD field began to explore the regenerative potential of pluripotent stem cells, as an innovative source of transplantable cells, to develop therapeutic strategies aimed at modifying the course of the disease. So far, no clinical trials have been conducted in PD patients. However, numerous studies have been carried out in animal PD models, which have generated encouraging, but sometimes controversial, results. Embryonic stem (ES) cells, for example, proved able to differentiate into dopaminergic neurons after transplantation into the striatum of rats lesioned with 6-OHDA 169, 170 In general, the degree of dopamine cell survival following transplantation is small and the magnitude of the behavioral benefit is modest. Various techniques have been used to improve the rate of pre-grafting differentiation of ES cells into post-mitotic, dopaminergic cells; for a comprehensive overview of this topic the reader can refer to a recent review. 173 For the purpose of this article, however, a few techniques are worth mentioning. Zeng et al, 174 for example, showed a 87% rate of differentiation into TH-positive (dopaminergic) neurons when human ES cells were co-cultured with stromal cell line PA6. Following transplantation into 6-OHDAtreated animals, ES-derived dopaminergic cells integrated into the rat striatum, but, 5 weeks after transplantation, the number of surviving TH-positive cells was very small, compared with the frequency of those seen in vitro. Roy et al 175 co-cultured human ES cells with telomerase-immortalized human fetal midbrain astrocytes, which potentiated differentiation toward the dopaminergic phenotype, particularly the A9, nigrostriatal phenotype. Striatal transplantation into 6-OHDA-lesioned rats induced substantial amelioration of motor functions. However, in addition to the ES-derived, TH-positive cells, the authors reported expanding cores of undifferentiated, mitotic neuroepithelial cells, indicating the tumorigenic potential of the graft. Satisfactory rates of in vitro differentiation have also been obtained by sequential exposure of embryoid bodies (ES aggregates) to basic fibroblast growth factor and transforming growth factor alpha. 176 Due to ethical concerns and limited tissue availability, which tend to limit the potential of the human ES-based approach, alternative routes have been tried. Adult, bone-marrow-derived mesenchymal stem cells (MSCs), for example, have been recently proposed, 177 as a promising alternative. The possible autologous derivation of MSCs avoids the immunological or ethical concerns related to other sources; another considerable advantage is that MSCs seem devoid of oncogenic potential; 178 hMSCs have differentiative multilineage capacity, which also includes the ability to differentiate toward the dopaminergic phenotype, at least in vitro. 179 Moreover, hMSCs posses immunoregulatory properties, which are exerted through the release of soluble factors. 180 These cells may, therefore, have the capacity of modulating the inflammatory response associated with the neurodegenerative process that underlies PD. Transplantation of MSCs -of either human or rodent origin -into the striatum of rats lesioned with 6-OHDA exerts protective and/or regenerative effects on nigrostriatal neurons. [181] [182] [183] The group of Bouchez, 181 in particular, showed that hMSCs can promote neuronal survival also if grafted after inducing the nigrostriatal lesion. Similar results have been reported by Park et al, 184 who administered hMSCs, iv, to rats treated, several weeks before, with a proteasome inhibitor. Proteasomal inhibition was associated with a substantial loss of TH-positive neurons in the SNpc, which was markedly reduced in rats infused with hMSCs; moreover, the low immunogenicity of MSCs 185 made immunosuppressant treatment unnecessary. It can be concluded that transplantation of hMSCs counteracts the progressive degeneration of the nigrostriatal pathway caused by specific neurotoxins, even when the neurodegenerative process has already been set in motion and has reached a medium/advanced stage, thereby supporting the neuroregenerative potential of hMSCs.
Another approach, prompted by the open issue of the tumorigenic potential of pluripotent stem cells, is based on the use of xenographic transplants. In fact, there is evidence that ES cells are more likely to generate tumors when transplanted into the same species from which they were derived. 186 Following this line of reasoning, Harrower et al 187 transplanted porcine, cortically derived neural stem cells into the striatum of 6-OHDA lesioned rats. They found that grafts integrated and survived up to 5 months, with the formation of fibers extending into the striatal tissue and synapses. Finally, fascinating perspectives in the field of neuroregenerative medicine have been recently provided by the studies on genetic reprogramming of adult somatic cells, such as dermal fibroblasts, to derive induced pluripotent stem (iPS) cells. Human fibroblasts, isolated from skin biopsies, can be reverted to the state of embryonic-like, iPS cells following transfection with retroviral vectors expressing a combination of 4 transcription factors (Oct4, Sox2, Klf4, c-Myc, or Oct4, Sox2, Nanog, Lin28), 188, 189 thereby providing an autologous source for cell replacement; once reverted to the pluripotent state, iPS cells can be differentiated into dopaminergic neurons. Using this approach, Wernig et al 190 demonstrated that striatal transplantation of dopaminergic neurons derived from reprogrammed fibroblasts improve behavioural symptoms of rats bearing a 6-OHDA induced lesion of the nigrostriatal pathway. Very recently, to avoid the oncogenic risk linked to the stable integration of vectors in the genome of reprogrammed cells, Kaji et al 191 have proposed a modification of the technique, by which iPS cells are generated from fibroblasts with a virus-free protocol, followed by excision 
Conclusions
From what has been discussed, it appears that although neuroprotective properties have been attributed to various compounds already available in the pharmacological armamentarium of the neurologist, convincing evidence has been provided so far only for rasagiline (1 mg). In fact, the argument on the neuroprotective effects of dopamine agonists remains controversial and may benefit from a re-evaluation of these compounds, based on the delayed start clinical trial design.
For a true neurorestorative intervention, promising perspectives are provided by the use of neurotrophic factors and/or stem cells (possibly of autologous origin), which, however, still need to unveil their full potential.
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